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Abstract 
The volume fraction of primary alpha, which is the key microstructure parameter and determines the mechanical properties of 
the titanium alloy ring, is strongly affected by the initial forming temperature in the radial-axial ring rolling of titanium alloy. In 
this paper, a primary alpha evolution model is implemented into the 3D-FE model of radial-axial ring rolling process to model 
the primary alpha evolution of the TA15 titanium alloy ring. Both transferring and deforming stages of the process are 
considered in the FE model. By FE simulations, it is found that the volume fraction of primary alpha of the rolled ring is mainly 
determined by the transferring stage, and decreases with the increase of initial forming temperature. Consequently, the 
reasonable range of the initial forming temperature has been determined for the radial-axial ring rolling of TA15 titanium alloy. 
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1. Introduction 
Titanium alloy seamless rings have extensive application potential in aircraft engine, rocket and marine 
engineering. These titanium alloy rings often serve as the key mechanical components, thus the microstructure and 
mechanical properties must be strictly controlled to meet the demand of high performance. For titanium alloy rings, 
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the volume fraction of primary alpha is the key microstructure parameter and determines the mechanical properties. 
Radial-axial ring rolling is a preferred technology for manufacturing titanium alloy rings. However, radial-axial 
ring rolling is a non-isothermal and coupled thermo-mechanical forming process. So the initial forming 
temperature To has a crucial effect on the primary alpha evolution of the titanium alloy ring. For manufacturing 
high-quality titanium alloy rings, the initial forming temperature should be designed reasonably. In the real process, 
the initial forming temperature of the ring is the heating temperature in the furnace actually. When the ring is 
transferred from the furnace to the ring rolling mill, the ring will lose large heat. So the temperature and primary 
alpha distributions of the ring become nonuniform, which will further affect the primary alpha evolution in the 
deforming stage. Thus, it is important to study the primary alpha evolution in both transferring and deforming 
stages of the radial-axial ring rolling process for accurately revealing the effect of initial forming temperature on 
the primary alpha evolution. 
Nowadays, FEM has been widely used to optimize the process conditions and reducing the production costs in 
radial-axial ring rolling process. And many investigations concerning the microstructure evolution of the process 
have been carried out by FEM. Sun et al. (2010) investigated the effects of main forming parameters on the volume 
fraction and grain size of dynamic recrystallization during hot ring rolling of AISI 5140 steel through the 
combination of microstructure evolution model with the FE model. Qian et al. (2010) revealed the evolution and 
distribution laws of the fraction and grain size of dynamic recrystallization from ingot to rolled ring during radial-
axial ring rolling of AISI 4140 based on a macro-microscopic FE model. Guo et al. (2012) clarified the effect rules 
and mechanism of the rotational speed of the main roll on grain size during hot ring ring rolling for as-cast 
42CrMo steel. However, the microstructure evolution varies from material to material, and the microstructure 
evolution mechanism of titanium alloy is significantly different from that of steel. Wang et al. (2012) implemented 
a microstructure evolution model for Ti-6Al-4V alloy into the FE model of hot ring rolling process, and studied the 
characteristics of beta evolution. Similarly, Zhu et al. (2012b) investigated the effects of deformation degree and 
initial forming temperature on the primary alpha of TA15 titanium alloy in hot ring rolling. However, the above 
works only involved the deforming stage. That means the temperature and microstructure is uniform when the ring 
starting to be rolled. Actually, the temperature and microstructure distributions are nonuniform when the ring 
starting to be rolled, which will strongly affect the microstructure evolution of the ring in the deforming stage. For 
titanium alloy rings, primary alpha evolution determines the mechanical properties. Thus, it is necessary to reveal 
the primary alpha evolution of titanium alloys in radial-axial ring rolling process considering the transferring stage. 
In this work, a primary alpha evolution model is implemented into the 3D-FE model of radial-axial ring rolling 
process under ABAQUS environment to model the primary alpha evolution of the TA15 titanium alloy (Ti-6Al-
2Zr-1Mo-1V) ring. In the FE model, both transferring and deforming stages are considered. Then the effects of the 
initial forming temperature on the primary alpha of TA15 titanium alloy ring are investigated numerically. The 
results can serve as a guide to the microstructure control and process design for the radial-axial ring rolling of 
titanium alloys. 
2. Macro-micro FE modeling of radial-axial ring rolling of TA15 titanium alloy 
2.1. Primary alpha evolution model of TA15 titanium alloy 
Radial-axial ring rolling of titanium alloy is a non-isothermal forming process. When the ring temperature drops, 
ȕĺĮ transformation takes place resulting in the growth of primary alpha. Conversely, Įĺȕ transformation takes 
place with the ring temperature increment and then the volume fraction of primary alpha will decrease. 
Neminathan et al. (2008) pointed out that the desired volume fraction of primary alpha is 20%-40%. Therefore, a 
primary alpha evolution model, which is established by Semiatin et al (2003), is adopted to depict the variation of 
the volume fraction of primary alpha during radial-axial ring rolling of TA15 titanium alloy in the present work. 
The model is given as follows. 
The change rate of the primary alpha is given by 
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where dĮ is the diameter of primary alpha, D is diffusion coefficient, Ȝ is the parameter related to the 
supersaturation ȍ. The Ȝ and ȍ are related by 
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The supersaturation ȍ is defined as  
   M I P IC C C C:    ,                (3) 
where CM, CI and CP are the compositions of the matrix far from the matrix interface, the matrix at the matrix-
particle interface and the particle at the matrix-particle interface, respectively. The CI and CP correspond to the 
equilibrium matrix and particle compositions, respectively. 
   1M o PC C f C fD D   ,               (4) 
where Co and fĮ are the overall composition of the alloy and the volume fraction of primary alpha, respectively. 
The volume fraction of primary alpha can be calculated by 
 3o of f d dD D D D ,                (5) 
where fĮo and dĮo are the initial volume fraction and diameter of primary alpha, respectively. 
Zhu et al. (2012a) has verified that the primary alpha evolution model is reliable for predicting the volume 
fraction of primary alpha in TA15 titanium alloy. Thus this model can be implemented into the 3D-FE model of 
radial-axial ring rolling to model the primary alpha evolution of TA15 titanium alloy. 
2.2. 3D-FE model of radial-axial ring rolling of TA15 titanium alloy 
A 3D coupled thermo-mechanical FE model for radial-axial ring rolling of TA15 titanium alloy is established 
under ABAQUS environment, as shown in Fig. 1. The sizes of the rolled ring are outer diameter 900mm, inner 
diameter 790mm, and height 120mm. And the dimension of the blank is designed as outer diameter 580.6mm, 
inner diameter 413.5mm, and height 134.3mm. The other simulation conditions are listed in Table 1. All the rolls 
are treated as rigid bodies with analytical surfaces. A mechanism-based unified constitutive model for TA15 
titanium alloy established by Fan et al. (2014) is adopted. The coupled thermo-mechanical hexahedron element 
with eight nodes is selected to discretize the ring, and an adaptive meshing technique is applied for maintaining a 
high-quality mesh throughout the analysis. The coupled thermo-mechanical elastic-plastic dynamic explicit 
approach and mass scaling are adopted to speed up the computation. The motions of the rolls are real-time 
controlled based on in-process measurement through using the subroutine VUAMP. This FE model comprises two 
analysis steps. The first one is used to model the transferring stage (the duration of this stage is set to 40s), and the 
second is to model the deforming stage. The FE modeling technologies used in present work has been verified to 
be reliable for modeling the thermo-mechanical deformation by Guo et al. (2011). 
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Fig. 1 The FE model for radial-axial ring rolling process. 
Table 1. Simulation conditions for the radial-axial rolling of TA15 titanium alloy ring. 
Forming parameters Value 
Radius of main roll/mm 550 
Radius of mandrel/mm 130 
Radius of guide roll/mm 100 
Cone angle of axial roll/° 35 
Angular velocity of main roll/rad/s 1.8 
Growth rate of ring outer diameter/mm/s 18 
Temperature of rolls/°C 150 
Temperature of environment/°C 25 
Contact heat conductivity/W/(m2·°C) 4000 
Convection coefficient/W/(m2·°C) 17.2 
Heat radiation coefficient 0.7 
Friction coefficient 0.3 
 
The primary alpha evolution model is implemented into the 3D-FE model of radial-axial ring rolling process 
through VUMAT subroutine to realize macro-micro simulation of the process. Then the evolution of primary alpha 
of TA15 titanium alloy ring in both transferring and deforming stages can be simulated. 
3. Results and discussion 
3.1. Primary alpha evolution of TA15 titanium alloy ring 
Fig. 2 illustrates the locations of three characteristic points on the ring cross section. Fig. 3 shows the evolution 
of volume fraction of primary alpha at the three points when To=955°C. In the transferring stage, the volume 
fraction of primary alpha of the ring increases due to the temperature drop leading to the diffusion growth of 
primary alpha. The volume fraction of primary alpha in the corner of the cross section increases distinctly while 
that in the center increases slightly. This is because the temperature in the corner drops faster and higher cooling 
rate can result in larger growth rate of primary alpha. However, the variation of the volume fraction of primary 
alpha is small in the deforming stage. This phenomenon is associated with the change of the ring temperature. In 
this stage, the temperature in the inner region of the ring increases under the action of deformation heat, but the 
increasing amplitude is small. Meanwhile the cooling rate of the corner region decreases due to deformation heat. 
Thus, the volume fraction of primary alpha varies slightly in deforming stage. From above analysis, it can be 
concluded that the transferring stage determines the volume fraction of primary alpha of the rolled ring. 
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Fig. 2 Schematic diagram of the locations of characteristic points on ring cross section. 
 
Fig. 3 Variation of volume fraction of primary Į phase with time at the three characteristic points. 
3.2. Effect of the initial forming temperature To 
In order to reveal the effect laws of the initial forming temperature of the ring, To={910, 925, 940, 955, 970}°C 
are selected, and other simulation conditions are the same as those in Table 1. Fig. 4 shows the volume fraction of 
primary alpha of the rolled ring at various initial forming temperatures. It can be seen that the volume fraction of 
primary alpha of the rolled ring decreases with the increase of the initial forming temperature. The main reason is 
that the initial volume fraction of primary alpha decreases with the initial forming temperature. Even though the 
cooling rate is larger when the initial forming temperature is higher in transferring stage, the increment of the 
volume fraction of primary alpha is relatively small. Fig. 5 illustrates the maximum and minimum volume 
fractions of primary alpha of the rolled ring at various initial forming temperatures. According to the work of 
Neminathan et al. (2008), the qualified volume fraction of primary alpha is defined to be 20%-40%. The maximum 
volume fraction of primary alpha is larger 40% when To=910°C, while both maximum and minimum volume 
fractions of primary alpha are less than 20%. Thus the initial forming temperature is suggested to be 925°C-955°C 
for getting the rolled ring with qualified primary alpha in the present work.  
 
Fig. 4 Volume fractions of primary alpha of the rolled ring at various initial forming temperatures: (a) To=910°C; (b) To=940°C; (a) 
To=970°C. 
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Fig. 5 Maximum and minimum volume fraction of primary alpha of the rolled ring at various initial forming temperatures. 
4. Conclusions 
In this work, a primary alpha evolution model is implemented into the 3D-FE model of radial-axial ring rolling 
process to model the primary alpha evolution of the TA15 titanium alloy ring. In the simulations, both transferring 
and deformation stage of the process are considered. The results show that: (1) the transferring stage determines the 
volume fraction of primary alpha of TA15 titanium alloy, while in deforming stage the change of the volume 
fraction of primary alpha is slight; (2) the volume fraction of primary alpha of the rolled ring decreases with 
increasing initial forming temperature; and (3) the reasonable range of the initial forming temperature is proposed 
to be 925°C-955°C for getting the qualified TA15 titanium alloy ring. 
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